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Noninvasive monitoring of stem cells, using high-resolution mo- 
lecular imaging, will be instrumental to Improve clinical neural 
transplantation strategies. We show that labeling of human central 
nervous system stem cells grown as neurospheres with magnetic 
nanopartides does not adversely affect survival, migration, and 
differentiation or alter neuronal electrophysiological characteris- 
tics. Using MR!, we show that human central nervous system hem 
cells transplanted either to the neonatal, the adult or the injured 
rodent brain respond to cues characteristic for tl>e ambient micro- 
environment resulting in distinct migration patteiris. Nanoparticle- 
labeied human central nervous system stem cells survive long-term 
and differentiate in a site-specific manner identical to that seen for 
transplants of unlabeled cells. We also demonstrate the impact of 
graft location on cell migration and describe magnetic resonance 
characteristics of graft cell death and subsequent clearance. Knowl- 
edge of migration patterns and implementation of noninvasive 
stem cell tracking might help to improve the design of future 
clinical neural stem cell transplantation. 

superparamagnetic iron oxide | stem cell biology 

Advances in neural transplantation have payed the way for 
clinical trials aimed at restoring brain function in diseases, such 
as Parkinson's (1-3) and Huntington's (4), and stroke (5). The 
success of these trials for neurological diseases will depend not only 
on patient selection criteria and on choosing the right cell type, but 
also on the timing and site of transplantation. Both variables can 
influence the transplanted stem. cells* migration pattern and sub- 
sequent differentiation (6, 7). Therefore, long-term monitoring of 
the graft in relation to the evolving lesion will be crucial. 

MRI, with its high spatial resolution, is the ideal modality for in 
vivo cell tracking. Tagging cells with superparamagnetic iron oxide 
(SPIO) nanocomposites has been shown to induce sufficient MR 
cell contrast for in vivo imaging of neural cell migration (8, 9). 
Previous studies have demonstrated its application to track stem 
cells after stroke, but these were done with non-human stem cells 
and lacked in-depth analysis of the SPIO effect on stem cell biolocy 
(10, 11). 

Before this method can be considered to label human neural 
stem cells for clinical application, further analysis of the effects of 
SPIO on the biology of human stem cells are needed. For example, 
it has been described that Feridex, a SPIO reagent approved by the 
United States Food and Drug Administration for human use, 
inhibits mesenchymal stem cells from differentiating into chondro- 
cytes (12), emphasizing the need for in-depth analysis of the 
influence of magnetic labeling on stem cell biology. 

We investigated the effects of SPIO labeling on human central 
nervous system stem cells grown as neurospheres (hCNS-SQis) (6, 
13-15) in vitro and in vivo. We show that SPIO-Iabeled hCNS-SCns 
proliferate and differentiate normally in vitro and exhibit neuronal 
electrophysiological characteristics. We then used MRI to analyze 
migration patterns of SPIO-labeled hCNS-SCns transplanted into 



newborn and adult (injured and uninjured) rodent brain. We find 
that SPIO-labeled hCNS-SCns exhibit a similar extent of survival, 
migration, integration, and differentiation after transplantation 
into the rodent brain as their unlabeled counterparts. 

Results 

In vitro Characterization and MRI of SPIO-Ubeled Human Neural Stem 
Cells. We first demonstrate that labeling of htmian neural stem cells 
is feasible and does not impair cell viability and biological charac- 
teristics in vitro. HCNS-SCns were labeled with Feridex and pro- 
tamine sulfete and tested for labeling efficiency, cell proliferation, 
differentiation as well as electrophysiological behavior. SPIO was 
detected in the cytoplasm (Fig. lA). We achieved a 98% labeling 
efficiency as determined by Prussian Blue staining [supporting 
information (SI) Fig. 5]. Ceil viability for SPIO-labeled and unla- 
beled hCNS-SCns was 92 ± 3% vs. 96 ± 2%, respectively. There 
was no difference in the proliferation rate between SPIO-labeled 
and unlabeled hCNS-SCns (Fig. IB). 

We analyzed the effect of cell proliferation on iron concentration. 
SPIO-labeled hCNS-SCns were grown under proliferative condi- 
tions for 9 days, cell samples were stained with an anti-dextran 
antibody and the relative iron content per cell measured. On 
average, the SPIO content per cell was halved every 3 days in 
culture, which coirelated with cell doubling time (Fig. IC and SI 
^Fig. 5). 

' We compared the differentiation potential of SPIO-labeled and 
unlabeled hCNS-SCns in vitro. After 10 days under differentiation 
conditions, an average of 35.5% (± 4) of the cells were Nestin- 
positive, 56.2% (± 7.7) were iB-tubulin-positive, and 19.4% (± 3.5) 
were glial fibrillary acidic protein (GFAP)-positive (Fig. ID) in the 
SPIO-labeled hCNS-SCns. There was no statistically significant 
difference between the two groups (Fig. ID). 

Whole-cell patch-clamp recordings were made from SPIO- 
labeled and unlabeled hCNS-SCns 28 days after differentiation. 
Cells displaying a typical neuronal morphology (two to five well 
defined primary processes (16) were chosen for the recordings. 
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Fig. 1. in vitro analysis of SPlO-labeled hCNS-SCns. SPIO labeling was efficient and did not affect proliferation, differentiation and electrophyslology of 
hCNS-SCns in wtro. (A) liCNS-SCns stained with an anti-dextran antibody (DX-1 in green) and a human-specific cytoplasmic marker (SCI 21, red; DAPt, blue) 6 days 
after ;n vitro proliferation. {Inset) hCNS-SCns stained for DX-1 for quantitative analysis of iron content. (B) Proliferation of SPIO-labeled {filled bars) and unlabeled 
hCNS-SCns (open bars) analyzed 48 h after labeling. (C) The SPIO content is reduced by 50% with each division over 9 days. (D) Analysis of labeled and unlabeled 
hCNS-SCns grown under differentiation conditions for 10 days revealed no difference in cell fate. Results are means ± SEM. (£^ Electrophysiological cell 
properties were not changed after SPIO labeling of hCNS-SCns. (£) Action potential in a neural progenitor cells-derived neuron recorded in response to a current 
injection of 80 pA. (0 Voltage-activated sodium and potassium currents in a neural progenitor cells-derived neuron, steps of 35-65 mV. 



Injection of a depolarizing current triggered indistinguishable single 
action potentials in cells from both groups (Fig. IE), and voltage- 
gated Na+ and K^" currents were evoked from stem cell-derived 
neurons in both groups (Fig. IF), Expression of ^ni tubulin and 
the neuronal somatodendritic protein MAP2 was used to confirm 
the neuronal identity of the measured cell populations. 

We also found that the graft size of 5 X 10^ SPIO-labeled cells 
measured by in vivo MRI was similar to the graft size measured on 
a representative histological section. Moreover, the size of the signal 
change seen on T2-weighted imaging caused by 5 X 10^ SPIO- 
labeled cells in an agarose gel was comparable with the signal 
change of the same number of labeled cells transplanted to the rat 
brain (SI Fig. 6). 

SPIO-Labeled Human Neural Stem Cells Undergo Widespread Migra- 
tion Along Natural Tracts in the Neonatal NOD-SCID Brain and Differ- 
entiate into Neurons and Glia. We and others have shown that the 
hnmature neonatal brain represents a unique environment to test 
the natural migration, integration, and differentiation of trans- 
planted progenitor cells (14, 17). In the olfactory system of rodents, 
the progeny of endogenous stem cells that have proliferated in the 
subventricular zone (SVZ) enter the rostral migratory stream 
(RMS) and migrate to the olfactory bulb, where they integrate in 
a site-specific manner (14). 

We asked whether MRI could be used to follow the natural 
migration of SPIO-labeled hOSlS-SCns and whether SPIO labeling 
impairs migration and differentiation of hCNS-SCns in vivo. Im- 
mediately after transplantation, distribution of hCNS-SCns in the 
ventricular system could be seen by MRI Three weeks after 
transplantation, hCNS-SCns were distributed in the lateral and 
fourth ventricle (Fig. 2A). Cells migrating along the RMS were 
detected as a bilateral hypointense area on T2-weighted spin echo 
and 3D gradient-echo MRI (Fig. 2A; gradient-echo images are 
shown in SI Fig. 7). On subsequent MRI at 9 and 12 weel« (data 
not shown), we detected migration from the SVZ into the corpus 
caliosum, extending posteriorly into the hippocampus and cortex 
and anteriorly into die RMS and olfactory glomerulus. This mi- 
gration remained visible up to 18 weeks (Fig. 2B). Migration, 
integration, and differentiation were subsequently studied on sag- 
ittal sections stained for the htmian-specific marker SC121. In 
agreement with MRI, SC121 staining showed human cells in the 
lateral ventricle integrating into the SVZ and migrating along the 



RMS (Fig. 2D). Over 18 weeks, we found progressively more 
widespread integration of hCNS-SCns into the host brain with 
site-specific integration into the SVZ^ the hippocampus, the cortex 
and the olfactory bulb (OB) (Fig. 2 E and F), Microscopic images 
at higher magnification clearly demonstrate integration into the 
hippocampus along CAl, CA3, and the dentate gyrus (Fig. 2G). In 
the olfactory bulb, hCNS-SCns adopt laminar positions (Fig. 2H). 
Cell counting using unbiased stereology revealed no statistically 
significant differences in the distribution and nimiber of surviving 
SPIO-labeled and unlabeled hCNS-SCns (Fig. 21), To demonstrate 
the histological correlate to the MRI signal changes, adjacent 
sections were stained with Prussian blue and the human-spedfic 
marker SC121. At 3 weeks, we found distinct punctuate Prussian 
blue staining in the olfactory bulb, a site to which many SC121- 
positive human cells had migrated (SI Fig. BA-C), To prove double 
labelmg, two adjacent paraffin sections were stained with Prussian 
blue or the human-spedfic marker SC12L The sections were 
superimposed, and cells were found with overlapping Prussian blue 
and SC121 staining (SI Fig SD-F), Double immunohistochemistry 
with the panmonocytic marker Iba-1 and SC121 did not reveal 
double-labeled cells in the migrating cell population in the RMS, 
making it unlikely that the observed migration was mainly caused 
by SPIO-laden macrophages (SI Fig. 8 G and //). 

To quantify cell fate at 18 weeks, double immunofluorescence 
stainings were done by using human-specific and neuronal-spedfic 
antibodies (SI Fig. 9A-C), A human-specific anti-GFAP antibody 
was used to quantify astroglial differentiation (SI Fig. 9D). Overall, 
there was no statistically significant difference between SPIO- 
labeled and unlabeled hCNS-SCns (Fig. 2 / and In the SVZ, 
9.3% (±1.3) of the cells were positive for both /3-III tubulin and 
SCIOI. In the RMS, 9.4% (±1.6) cells were double-positive. Few 
hCNS-SCns in the SVZ and RMS expressed GFAP (5.5% ± 1.3). 
Migrating hCNS-SCns in tiie RMS also expressed doublecortin. At 
18 weeks, 19.6% of the hCNS-SCns were in the OB. Of these, 17% 
(±4.5) expressed ^Ul tubulin and numerous cells were double- 
labeled for both MAP-2 and SC121. There was no GFAP expres- 
sion in the OB. 

We asked whether SPIO-labeled hCNS-SCns would elicit a more 
pronounced inflammatory response than unlabeled hCNS-SCns. 
We found no difference in Iba-1 reactivity, a panmonocytic marker, 
between SPIO-labeled grafts and unlabeled grafts at 18 weeks after 
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Rg. 2. Migration and integration of SPtO-labeled hCNS-SCns. MRI detects widespread migration of SPIO-labeled hCNS-SCns after intraventricular injection in 
the P0/P1 NOD-Sao mouse brain. iA and D) (4) Three weeks after transplantation, sagittal MR! shows hypointensities representing SPIO-labeled hCNS-SCns in 
the lateral ventricle (asterisk), along the RMS, (arrowheads) toward the OB (arrow) and in the 4th ventricle (black arrow). (D) corresponding section stained with 
the human-specific cytoplasmic marker SC121. (Inset) Shows RMS in adjacent section, (a and £) (B) sagittal MR1 18 weeks after transplantation showing that 
hCNS-SCns have integrated in the ventricular wall (arrowhead), in the core off the OB (white arrow) and in the fourth ventricle (black arrow). {Insert) Demonstrates 
migration along the corpus callosum (arrowheads), (f) Corresponding histological section. (C and F) (Q sagittal MRI of a control animal transplanted with 
unlabeled hCNS-SCns 18 weeks after transplantation shows no cell signal, (f) Corresponding histological section. (G-H) Higher magnification sagittal images 
(areas boxed in Fig. 2£) show hCNS-SCns in the CAl. CA3, and dentate gyrus of the hippocampus (G) and in the OB (H) of the NOD-SCID mouse. (>) There was 
a robust cell survival at 1 8 weeks after transplantation without statistically significant difference between SPIO-labeled (n = 4 animals) and unlabeled cells (n = 
3 animals). Results are mean ± SEM. (^and/O Quantification of SCIOI-positive human cells coexpressing ^tubulin or GFAP overall (/) and coexpressing ^tubulin 
in anatomical subregions in NOD-SCID mice 18 weeks after intraventricular transplantation of hCNS-SCns {iQ. There was no statistically significant difference 
between SPIO-labeled and -unlabeled cells in terms of cell fate. OB, olfacatory bulb; RMS, rostral migratory stream; SV2, subventricular zone. Results are mean 
± SEM. 



transplantation (data not shown). Based on cell morphology, most 
of the Iba-l-positive cells were considered resting microglia. 

Stroke Induces Targeted Migration of SPIO-Labeled Human Neural 
Stem Ceils in the Adult Rat Brain. Using a stroke and transplantation 
paradigm (6), we show a targeted intraparenchymai migration of 
hCNS-SCns in vivo, whereas no migration was observed in the 
miinjured rodent brain. Seven days after a distal middle cerebral 
artery ocdusion, rats received three cortical grafts of 1 X 10^ 
h(ZNS-S(rns each, medial to the cortical stroke. MRI 1 day before 
transplantation ruled out signal changes that could have been 
similar to the signal of transplanted hCNS-SCns. SPIO-labeled 
hCNS-SCns were detected as strongly hypointense areas in the 
cortex medial to the cortical stroke on T2-weighted images at 1 
week (Fig. 3/4). At 5 weeks, transparenchymal-targeted migration 
was clearly detected on MRI extending from the lateral graft edge 
toward the injured brain (Fig. 3Q. This was confirmed histologi- 
cally (Fig. 3f). The extent of cellular migration observed in vivo with 
MRI was visualized by using 3D reconstructions with surface 
rendering (Fig. 3 B, D, and E and SI Movies 1 and 2). 

We tested the influence of the distance between the graft and the 
ischemic brain tissue on targeted stem cell migration by transplant- 
ing hCNS-SCns in stroked rats adjacent to the lesion border or 
adjacent to the midline (far from the ischemic brain tissue) with and 
without connection to corpus callosmn. We found that in animals 
where hCNS-SCns were transplanted far from the lesion there was 
no transparenchymal cell migration (SI Fig. lO^-Q. In cases where 
the bolus of stem cells was in continuity with the corpus callosum, 
the stem cells underwent transcallosal migration despite greater 
distance to the lesion edge (SI Fig, lOD-^F). Transcallosal migration 
has been shown for stem cells transplanted in the hemisphere 
contralateral to the stroke (10, 18). If transplantation was adjacent 
to the lesion, we observed transparenchymal-targeted migration as 
shown in Fig. 3, In animals displaying a targeted cell migration the 



mean graft to lesion distance was 0.81 mm, whereas it was 3.48 mm 
in animals without migration (SI Fig. lOG). 

Total surviving hCNS-SCns in immunosuppressed stroked rats 5 
weeks after transplantation was 51.3% (38.9-74.6%), This com- 
pared favorably with the data in ref. 6, using the same cells and the 
same lesion and same transplantation paradigm where we found 
33.4% cell survival. 

MRI Detects Clearance of Dead Human Neural Stem Cells. MRI 

detection of graft rejection or death and clearance of the trans- 
planted cells will be a critical aspect in the application of MRI for 
future clinical studies. SPIO-labeled hCNS-SCns were killed by 
repeated freeze-thaw cycles before transplantation into the left 
striatum of immunosuppressed Sprague-Dawley rats. Viable cells 
were transplanted on the contralateral side. Imaging 2 days after 
transplantation showed bilateral hypointense areas, representing 
the grafts (Fig. AA). Whereas only minimal signal changes over 35 
days were observed on the side with viable ceDs, there was a marked 
reduction in signal strength and graft volume on the side with dead 
cells (Fig. 4 5 and C). The initial graft volume as measured on MRI 
was 1.64 mm^ and dropped by 52% over the 35 days of observation 
(Fig. AG). Fluorescence microscopy on sections stained for Iba-1 
and the human-specific cytoplasmic marker SC121 demonstrated 
significantly more activated Iba-l-positive cells in rats with dead 
grafts as compared with rats with viable grafts (Fig. 4 D~F). 

Discussion 

Tracking cells in vivo has traditionally been performed by using 
extensive longitudinal studies where animals are killed at multiple 
time points. This can be circumvented by using noninvasive meth- 
ods for tracking cells m real time. Several papers have explored the 
feasibility of tracking stem cells transplanted to the injured brain 
and spinal cord (19, 20), including smdies in stroke (10, 11, 21). 
Although the ability to track various types of tagged stem cells 
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Fig. 3. Migration in the stroked brain, 3D graft morphology, and graft location. 
MRI detects intraparenchymai-targeted migration of hCWS-SCns toward the isch- 
emic brain. (A-^ Rats were transplanted 7 days after distal middle cerebral artery 
occlusion, with 3 x 10^ cells in three deposits. {A and O two consecutive corona! 
sectionsshowing the bolus of hCNS-SCns (arrowhead) medialtothe hyperintense 
stroice area In 72-weighted images 1 week (A) and 5 weeks (C) after transplan- 
tation. There is some callosal (anrow) but no intra parenchymal migration at 1 
week (A). At 5 weeks after transplantation, robust migration of hCNS-SCns 
toward the lesion is visible as a hypointense area on the edge of the bolus 
extending laterally (anrows) (C). Three-dimensional reconstruction and surface 
rendering of the rat brain based on high resolution T2-MRI as illustrated In (£). 
Posteriorviewof the rat brain 1 (fl) and 5 (D) weeks after transplantation showing 
the graft (pink) and the stroked area (green). Note the broad migration of 
hOJS-SCns along the medial border of the stroke in the anterior posterior and 
cranlocaudal direction, resulting in a significant increase in graft volume. (£) 
Three-dimensional reconstruction of the rat brain illustrating the segmentation 
process of the stroked area (green) and the graft (pink) based on coronal T2-MR1. 
(f) Histologkal section corresponding to the MRI (0 at 5 weeks stained with the 
human-specific nudear marker SCI 01, showing the lateral bolus edge on the left 
side (asterisk) and robust migration (arrows) toward the infarct 



using MRI has been shown, there is a lade of information con- 
cerning aspects of stem cell biology including cell proliferation, 
differentiation, migration, and integration and electrophysiological 
characteristics. Moreover, most of the studies have used rodent- 
derived stem cells, and this significantly limits the conclusions that 
can be made about human cells for use in clinical trials. Here, we 
prove that the biology of human neural stem cells labeled with SPIO 
is not altered in vitro and in vivo, allowing us to monitor the fate of 
these cells in vivo under a variety of transplant conditions over 
extended periods of time (18 weeks). TTiese findings may have 
significant impact on the eventual translation of stem cell regen- 
erative medicine to the clinic. 

Multipotency is a hallmark of neural stem cells, and we have 
shown that our hCNS-SCns can differentiate into neurons, astro- 
cytes, and oligodendrocytes (15). Kostura et a!, raised the concern 
that cell differentiation could be impaired as they showed diat SPIO 
labeling of mesenchymal stem cells inhibits chondrogenesis but not 
adipogenesis (12). Here, we found no statistically significant dif- 
ference in the differentiation potential between SPIO-labeled and 
unlabeled hCNS-SCns. In addition to cell fate analysis, we bring 
evidence that magnetic labeling does not affect the electrophysio- 
logical characteristics of hCNS-SCns. Resting membrane potentials 
and classic sodium currents were not different between SPIO 
labeled and unlabeled hCNS-SCns. Depolarizing pulses elicited a 
single action potential. We did not observe spontaneous spiking in 



Fig. 4. Graft undergoing necrosis. Immunosuppressed rats were trans- 
planted with viable hCNS-SCns into the right striatum and dead hCNS-SCns 
(three freeze-thaw passages) into the left striatum. Early loss of MR signal and 
graft volume indicates graft/cell death. (A-C) MRI showing a left sided intra- 
striatal graft of killed celk at days 2 (A), 7 (B), and 35 (O after transplantation. 
Loss of graft signal and reduction in graft size is noted on the leftside, whereas 
the right side remains unchanged. (D-f) Confocal immunofluorescence image 
(D), showing number and morphology of lba-1 -positive cells (green) in close 
relation to hCNS-SCns (red) in a viable graft. In the dead graft (£), morpho- 
logically activated Iba-1 -positive cells (green) are more abundant and have 
phagocytosed hCNS-SCns (red) at 35 days after transplantation, (f) Iba-1 
expression in healthy brain tissue (insert at higher magnification). Nudei 
counterstained with OAPI (blue). (6) Volumes of dead grafts (filled bar) and 
viable grafts (open bar) based on MR images at 2, 7, and 35 days after 
transplantation clearly demonstrates the early volume loss (*, P < 0.05). (H) 
quantification of lba-1 -positive cell density surrounding the dying grafts (DG), 
viable grafts (VG), and in normal parenchyma (NP) at 35 days after transplan- 
tation. Results are means ± SEM. 



either group, which probably reflects the early maturation stage of 
these cells. Westeriund etal. (22) show that neural stem cells in vitro 
go through the same phases as neurons do during development in 
vivOf including up-regulation of inward Na**" -currents, drop in mput 
resistance, shortening of the action potential, and hyperpolarization 
of the cell membrane. 

MRI of SPIO-Labeled Human Neural Stem Cells. A number of factors 
affect the MRI detection threshold of SPIO-labeled cells, such as 
the SPIO concentration per cell, the cell density once the cells 
integrate into the host, and intrinsic MRI parameters such as field 
strength, signal to noise ratio (SNR), pulse sequence, and acquisi- 
tion parameters (23). 

Long-term observation of SPIOlabeled stem cells might be 
hmited because of dilution of SPIO with cell division. We found that 
the relative SPIO concentration was decreased by 50% every 3 days 
in vitro. Nevertheless, it has been shown that cells can be detected 
for several weeks (10), and we were able to detect clusters of cells 
by MRI up to 18 weeks. Heyn et al (23) have shown that as little 
as 1.4-3.0 pg of iron per cell is sufficient for detection with MRI. 
K we assume an initial content of 20 pg Fe per cell (24) and 
symmetrical cell division, detection would be possible up to six cell 
divisions. We know from earlier studies that hCNS-SCns trans- 
planted to the neonatal Nod-Scid brain do continue to proliferate 
in neurogenic areas of the brain (14). One could hypothesize that 
cells staying in the SVZ eventually loose their cytoplasmic SPIO. 
The cells that migrate away early after transplantation and integrate 
into the host, however, exit the cell cycle and retain the intraceDular 
SPIO over longer time period. 

Reports and discussions on MRI cell detection have mainly 
focused on the minimum number of SPIO-labeled cells detectable 
with MRL Although single-cell detection has been reported (25), 
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most in vivo reports have found higher detection limits. We found 
a detection limit of 1,000 cells in vitro, where the cells are highly 
concentrated (SI Fig. 6£). However, once the cells start to migrate 
and integrate in site-spedfic manner as observed in the OB and the 
hippocampus, the density of cells is reduced considerably, leading 
to a gradual loss of MRI cell signal. Dilution of SPIO during cell 
division and reduction of cell density during migration and inte- 
gration are the most important cellular factors determining the 
detection thresholds of MRI. In contrast to the slow reduction in 
signal strength found with cell migration, clearance of dead or dying 
cells as demonstrated in the last experiment (Fig. 4) results in a 
signal loss in the first 35 days after transplantation. Because dead 
SPIO-iabeled ceils result in early loss of MRI signal (Fig. 4) and 
Iba-l/SC121 double-labeled cells are absent from the main migra- 
tory areas, such as the RMS or OB (SI Fig. 8 G and//), it is unlikely 
that the observed MRI signal changes are only caused by SPIO 
laden macrophages. 

Early after transplantation, the intracellular SPIO causes a 
susceptibility artifact most prominent when using gradient echo 
imaging. Signal changes observed on gradient echo images at this 
time point significantly overestimated the size of the transplants. 
Because of this, we found T2-weighted images to be more accurate, 
especially if volumetric analyses are required. Indeed, quantitative 
analysis of graft size on T2-weighted images was comparable with 
measurements on histological sections (SI Fig. 6). At later time 
points however, when cell density decreases as cells integrate, 
gradient echo imaging proved to be more reliable for cell detection 
than T2-weighted spin echo imaging. 

The Migration Pattern of hCNS-SCns Depends on the Microenviron- 
ment. Whereas hCNS-SCns migrated along the RMS and the 
corpus callosum and integrated into the OB and the hippocampus 
in the uninjured immature brain, an injury was required in the adult 
brain to initiate stem cell migration. In vivo stem cell tracking, using 
MRI, allowed this process to be followed longitudinally. 

In a previous study (14), we demonstrated widespread migration 
of human cells when transplanted into the neonatal brain. The 
extent and pattern of hCNS-SCns migration transplanted to the 
neonatal brain are similar to those found for endogenous stem cells 
(26), which migrate from the SVZ to the OB where they differen- 
tiate into local intemeurons (27). MRI showed that hCNS-SCns 
migrate along the RMS leading them into the core of the OB at a 
very early tune point after transplantation. This may be due to 
directed currents of CSF generated by ciliary beating of ependymal 
cells leading to rapid distribution of transplanted hCNS-SCns (32). 
This early migration pattern was followed by a radial migration 
where hCNS-SCns adopted a laminar organization in the granular 
and periglomerular layers of die OB. It was striking that in the 
olfactory bulb and the hippocampus the human cells displayed 
remarkable regional specificity and also adopted cell body diame- 
ters of the local host cells as described in ref. 17. 

In contrast to the immature brain, transplanted hCNS-SCns did 
not show spontaneous migration in the uninjured adult brain. 
However, if an injury occurs, transplanted hQ^S-SCns undergo 
targeted migration toward stroke (as described in ref 6). Stem cells 
have been shown to cross from the contralateral hemisphere via a 
transcallosal path toward the lesion site (10). We desaibe long-term 
sequential in vivo MR imaging of ipsilateral transcortical-targeted 
migration of human stem cells with correlative histology. In con- 
trast to long distance transcallosal migration described by others (9, 
20), we found that the extent of transcortical migration was 
determined by the distance between the graft site and the lesion. If 
the distance between the lesion and the graft site in the rat brain 
exceeded 1 mm, we did not find targeted migration. This contrasts 
with reports where long range migration of stem cells in the stroked 
brain was observed (10, 11). These other studies, however, were 
done by using rodent-derived stem cells. There are fundamental 
differences between cells lines used in our and others' studies, such 
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as migratory behavior, the degree of maturation, and the species 
from which the cells are derived Hence, comparison between 
individual studies is very difficult. This finding emphasizes the need 
to control for post transplantation graft location in relation to an 
evolving lesion. 

Analysis of migration and cell fate revealed equivalent biological 
properties of SPIO-labeled and unlabeled hCNS-SCns. It has been 
speculated that release of iron oxide particles from dying cells into 
the host parenchyma could lead to a prolonged inflammatory 
response after transplantation. We did not find a difference in Iba-1 
expression between animals receiving SPIO-labeled hCNS-SCns as 
compared with nonlabeled cells. 

Conclusion 

In this report we provide an in-depth analysis of htiman neural stem 
cell biology after magnetic labeling and transplant to the rodent 
brain. We have shown that human neural stem cells labeled with 
SPIO survive in large numbers, are able to differentiate into 
neuronal and glial lineages, have neuronal-like electrophysiological 
characteristics, and appropriately respond to microenvironmental 
cues after transplantation to the rodent braia Using MRI and 
histology, we show that upon transplantation into the immature 
rodent brain, SPIO-labeled hCNS-SCns migrate and integrate in a 
manner appropriate for their location. Conversely, in the mature 
brain, targeted migration is observed only when an injury occurs. 
Using a cortical stroke model, we demonstrate that MRI is able to 
depict transcallosal and transparenchymal-targeted migration. And 
finally, we demonstrate that death of transplanted cells can be 
monitored by using in vivo MRI. 

Neurotransplantation holds great promise for the treatment of 
acute and chronic central nervous system disease. In vivo cellular 
imaging will eventually serve multiple purposes, including postop- 
erative visualization of graft location, tracking cell migration and 
integration, and monitoring graft survival. 

Methods 

Human CNS Stem Cells Derived Neurosphere Cells. hCNS-SCns 
(StemCells, Inc., Palo Alto, CA) were isolated by flow cytometry 
from fetal brain tissue (16-20 wk) as described in refe. 13 and 14. 
hCNS-SCns cells were plated at 10^ cells per ml in human neuro- 
sphere culture media (X-VI VO 15 medium; BioWhittaker, Walk- 
ersviile, MD), N-2 supplement (GIBCO, Carlsbad, CA), and 0.2 
mg/ml heparin supplemented with basic fibroblast growth factor (20 
ng/ml), EOF (20 ng/ml), and leukemia inhibitory factor (10 ng^il). 
On the day of transplantation, cells were prepared at a density of 
1 X 105 ^^us per ^. 

Magnetic Labeling of Neural Stem Cells. SPIO particles (Feridex IV; 
Berlex Laboratories, Wayne, NJ) and protamine sulfate (American 
Pharmaceuticals Partner, Schaumburg, IL) (5 fig/2.5 ;ig/ml) were 
incubated for 30min at 3T in culture mediimi before being added 
to the cells for 24 h (SI Fig. 1 1). For relative measurement of cellular 
SPIO, content hCNS-SCns were fixed after 1, 3, 6, and 9 days in vitro 
and stained with an anti-dextran antibody (DX-1, StemCell Tech- 
nologies, Vancouver, BC), and the staining per cell was determined 
by using a particle analyzer funrtion (ImageJ software). For cell 
differentiation assay, SPIO-labeled and unlabeled cells were grown 
in ex vivo base without mitogens and supplemented with BDNF, 
GDNF, and laminin for 10 days. Immunofluorescence staining for 
Nestin, )3-tubulin, and GFAP was done, and the percent of immu- 
noreactive cells was counted. 

Whole-Cell Patch Clamp Experiments. Whole-cell recordings were 
made essentially as described in ref 28. Morphologically, neuronal 
appearing cells (phase-bright somata with two to five primary 
processes) present in each condition (SPIO-labeled and unlabeled 
hCNS-SCns) were selected for recording {n~6 for each condition). 
For evoking sodium currents, cells were held at -70 mV in voltage 
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clamp and subjected to depolarizing step fiinctions. For evoking, 
action potentials cells were maintained at -70mV in current damp 
and stimulated with a depolarizing current injection. 

MRI. High-resolution magnetic resonance images were acquired on 
a 4.7T/40 cm animal scanner system ( Varian, Palo Alto, CA). Hie 
imaging protocol consisted of scout imaging in two planes followed 
by a spin-echo sequence (TR = 2500 msec, TE = 45 msec, NEX = 
4, matrix = 256 X 256, FOV = 40 mm, slice thickness = 1 mm, 
gap - 0 mm) and a 3D gradient echo scan (TR/TEl — 600 ni^5 ms, 
NEX = 4, matrix 128 X 128 X 64, FOV 3 X 3 X 3 cm resulting in 
a voxel size of 234 x 234 x 469 ixm). For in vitro studies cells were 
injected into agarose gel phantoms. During imaging animals were 
under isoflurane anesthesia and monitored for respiration and 
heart rate, the temperature was kept at using a feedback 
controlled system. 

Cell Transplantation in Neonatal NOD-SCID Mice. All animal proce- 
dures were approved by the Stanford University Administrative 
Panel on Laboratory Animal Care. Neonatal mice (postnatal day 
0-postnatal day 1) were cryoanesthetized by placing them in ice for 
5-10 min followed by stereotactic injection of either SPIO-iabeled 
(n = 16) or unlabeled hCNS-SCns {n = 12) into the lateral ventricle 
(2 of cells at 1 X 105 cells per yX). MRI was performed at 3, 9, 
12, and 18 weeks after transplantation. Engraftment of human cells 
was tested histologically for each time point. 

Distal Middle Cerebral Artery Occlusion (dMCAo). Adult male 
Sprague-Dawley rats (n = 10) were anesthetized with isoflurane 
and the left common carotid artery temporarily ocduded for 1 h. 
The distal middle cerebral artery was exposed, cauterized, and cut 
just above the rhinal fissure. 

Cell transplantation in rat after dMCAO. Seven days after dMCAO, 
rats were given 1 .0-/jJ deposits of suspended cells (1 X 10^ cells per 
/tl), using a micropump in three cortical regions in the anterior- 
posterior axis (SI Fig. 12). Rats were unmunosuppressed by daily 
i.p. injection of cyclosporine A (10 mg/kg). Five weeks posttrans- 
plantation, rats were transcardially perfused with 4% phosphate- 
buffered paraformaldeliyde and processed for histology. 

Histology and Immunohistochemistry. For Prussian blue staining, 
mounted sections were washed and incubated for 20 min in 10% 
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potassium ferrocyanide and 20% hydrochloric add. Triple-label 
immunofluorescence staining was carried out on free-floating 
sections. Sections were incubated overnight at 4°C with either the 
human-specific nuclear (SClOl, 1:1,000) or cytoplasmic marker 
(SC121 13,000, both provided by StemC:ells, Ina) and one of the 
following makers: rabbit anti-^tubulin III (Tuj-1, 1:2,000; Covance 
Research Products, Berkel^, CA), guinea-pig anti-GFAP (1:500; 
Advanced Immunochemicals, Long Beach, CA), goat anti- 
doublecortin (Dcx, 1:100; Santa Cruz Biotechnology, Santa Cruz, 
CA), human-spedfic mouse anti-GFAP (1:3,000; provided by 
StemCells Inc.), mouse anti-MAP2 (13,000, Abeam, Cambridge, 
MA), rat anti-Iba-1 (ionized calrium binding adapter molecule 1, 
1:2,000; Wako Bioproducts, Richmond, VA). Secondary antibodies 
used were Alexa Fluor 488 and 546, (1:1,000; Molecular Probes, 
Eugene, OR) or Cy3 (1:2,000; Jackson ImmunoResearch 
Laboratories, West Grove, PA). DAPI (1:1,000; Sigma-Aldrich, SL 
Louis, MO) was used to label nuclei. For total counting of SCIOI- 
positive cells, a biotinylated anti-mouse secondary antibody (1:250; 
Vector Laboratories, Buriingame, CA), followed by streptavidin- 
HRP and DAB enhancement were used. 

Microscopical Analysis. Total numbers of transplanted human cells 
stained with SClOl were counted by using unbiased computational 
stereology (Stereoinvestigator software, MicroBrightfield, Brattle- 
boro, VT). For cell fate analysis, the proportion of SClOl-labeled 
cells that also stained with lineage-specific phenotype maricers was 
determined by confocal microscopy. Split-panel andz axis analyses 
were used for all counting. Fifty or more SClOl-positive cells were 
scored for jS-tubuIin and GFAP in each anatomical area (SVZ, 
RMS, and OB) per animal 

Statistics. The statistic software package PRISM (GraphPad, San 
Diego, CA) was used for data analysis. All means are presented ± 
SEM. Statistical differences were assessed either by a nonparamet- 
ric Mann-Whitney U test or by a one-way Kruskal-Wallis test. The 
level of significance was set at P < 0.05. 
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